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a b s t r a c t
A defect equilibrium model for PrBaCo2O5+δ is suggested based on oxygen non-stoichiometry data.
The model includes reactions of oxygen exchange and charge disproportionation of Co3+ cations.
The respective equilibrium constants, enthalpies and entropies for the reactions entering the model
are obtained from the ﬁtting of the experimental data for oxygen non-stoichiometry. The enthalpies of
oxidation Co2+-Co3+ and Co3+-Co4+ are found to be equal to 11579 kJ mol–1 and 4574 kJ mol–1,
respectively. The obtained equilibrium constants were used in order to calculate variations in
concentration of cobalt species with non-stoichiometry, temperature and oxygen pressure.
& 2013 Elsevier Inc. All rights reserved.
1. Introduction
Substitution of lanthanide (Ln) for alkali-earth metals in
perovskite-like cobaltites LnCoO3 results in formation of extended
solid solutions and deviations (δ) of oxygen content from stoichio-
metric composition. In difference with Ca or Sr substituted
cobaltites where doping cations randomly replace lanthanide
cations within the entire solubility range, the larger barium
cations tend to ordering so that composition Ln0.5Ba0.5CoO3δ is
characterized by alternation of Ln and Ba cations along c-axis
[1–4]. Consequently, the elementary unit parameters a, b and c for
Ln0.5Ba0.5CoO3δ approximately relate with the elementary unit
parameter ap for the parent perovskite-like cobaltite as ap, 2ap and
2ap, respectively, while the obtained oxides are called “double
perovskite” cobaltites and their chemical formula is usually repre-
sented as LnBaCo2O5+δ.
The interesting feature of the double perovskite cobaltites
LnBaCo2O5+δ is a large homogeneous range δ of oxygen content
that may vary within 0rδr1 depending on temperature and
oxygen partial pressure in the ambient atmosphere [2,5,6]. Notice
that the partial ﬁlling of the sites available for oxygen exchange is
a prerequisite for large mobility of oxygen ions in the crystalline
lattice. At the same time, the presence of cobalt cations that
can easily change their oxidation state is favorable for electron
conductivity [7–9]. Therefore, the double perovskite cobaltites
have attracted considerable interest in recent years from the
researchers in the ﬁeld of catalysis, adsorption and cathode
materials [10–19]. It is known that the respective functional
properties are tightly related with the nature of electron and ion
defects in non-stoichiometric oxides, in general, and in the double-
perovskite cobaltites, in particular. The data on charge states, ion
association and other information pertaining to defect structure
are usually obtained from the analysis of pressure and tempera-
ture dependences of oxygen stoichiometry in the range of elevated
temperatures, where thermodynamic equilibrium can be attained
in a reasonably short time [20]. However, the literature concern-
ing oxygen content in the double-perovskite cobaltites at high-
temperatures is quite scarce. In turn, the lack of the respective data
makes it difﬁcult to understand electric properties, and thus
facilitate the application of double-perovskite cobaltites.
It is widely recognized that electric properties in cobaltites are
strongly inﬂuenced by charge disproportionation of Co3+ and
appearance of Co2+ and Co4+ cations [7,8]. We have shown earlier
[21] with the using of PrBaCo2O5+δ as an example that all three
charged cobalt species can simultaneously coexist in the double
perovskite cobaltites at large variations of oxygen content. How-
ever, the previous defect model [21] was essentially based on
calculations of the concentration of cobalt species from oxygen
stoichiometry only while the inﬂuence of temperature on their
equilibrium was introduced indirectly via temperature depen-
dence of thermopower. In this work the effect of temperature on
defect equilibria is taken into account directly through the using of
respective equilibrium constants. It is found that a good corre-
spondence of the defect model and thermodynamic data can be
achieved when the inﬂuence of the crystalline environment upon
charge state of cobalt cations is taken into account.
2. Experimental
The samples of PrBaCo2O5+δ were obtained by solid state
synthesis from high purity oxides Pr6O11 and Co3O4, and barium
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carbonate BaCO3. The respective mixture was thoroughly ground
with a mortar and pestle, pelletized and calcined in air at 900–
1150 1C. The procedure was repeated several times with the
gradual increase of the ﬁring temperature. After heating during
24 h at the ﬁnal stage, the specimens were slowly cooled down to
room temperature.
The phase purity control and determination of crystal lattice
parameters at room temperature were carried out by powder
X-ray diffraction with the using of a Stadi–P (Stoe) diffractometer
equipped with CuKα-radiation. The air synthesized cobaltite
PrBaCo2O5+δ was conﬁrmed to be a single phase (Fig. 1) having
an orthorhombic structure (space group Pmmm) with the unit
cell parameters a¼3.8981(1), b¼7.8069(2) and c¼7.6345(2) Å
characteristic of a double perovskite [1–4]. A part of the obtained
PrBaCo2O5+δ was crashed into a thin powder and used for deter-
mination of absolute amount of oxygen in the as-prepared
material. The powder sample was placed in a Setaram TG-92
thermoanalyzer and heated to 1000 1C in the atmosphere contain-
ing 90% He and 10% H2. As a result of the reducing heat treatment,
the specimen had been reduced to metallic cobalt, barium oxide
and praseodymium sesquioxide, and the total weight loss was
sufﬁcient to calculate oxygen content in the starting, i.e. as-
prepared, specimen. The oxygen non-stoichiometry parameter
δ¼0.77 in as-synthesized samples was found to be in agreement
with earlier results [22]. Then, the change of the oxygen content in
the as-prepared specimen at heating in air was determined with
the help of the thermoanalyzer. The heating rate was 51/min and
the heating mode included long term isothermal steps at 650, 700,
…,950 1C to ensure perfect equilibration of the weight change, i.e.
oxygen content in the specimen, with the temperature increase.
The oxygen content variations in PrBaCo2O5+δ at different
values of temperature T and partial pressure of oxygen pO2 were
obtained using a coulometric titration technique in the isothermal
regime. The equilibrium criterion of the titration isotherms was
selected change in log(pO2/atm) less than 210–4/min. The
measurements were carried out within oxygen partial pressure
range 3104–1 atm and at temperatures between 650 and
950 1С. The temperature interval between the titration isotherms
was 50 1С. The uncertainty in measured δ values did not exceed
Δδ¼70.001. The value of the oxygen content at 650 1C, which
was obtained at TG heating of the as-prepared sample in air,
was utilized as a reference point for the coulometric titration
isotherm at pO2¼0.21 atm and 650 1C. The excellent match of the
coulometric and TG data at other temperature values employed
in the coulometric measurements demonstrates reliability of the
employed coulometric titration technique. Additional experimen-
tal details are described elsewhere [23,24].
3. Results and discussion
3.1. Defect equilibrium model
The experimentally obtained dependencies of the total oxygen
content (5+δ) in PrBaCo2O5+δ at different temperatures and oxy-
gen pressure values are shown in Fig. 2. The parameter (5+δ)
varies from 5.2 to 5.55 within the studied limits of T and pO2.
When heated in He the cobaltite acquires tetragonal structure (S.G.
P4/mmm) [25] with δ¼0.48 at 503 1С. Similar structural transition
near 500 1С was observed also in other rare-earth cobaltites
LnBaCo2O5+δ, where Ln¼Nd, Sm, Gd [26,27]. Therefore, the iso-
thermal dependencies of oxygen content (5+δ) vs. pO2 in Fig. 2
(pO2–Т–δ diagram) pertain to tetragonal phase modiﬁcation of
PrBaCo2O5+δ. The smooth shape of the isotherms gives additional
evidence to the absence of phase transitions in PrBaCo2O5+δ within
the studied range of oxygen pressure and temperature values; the
stability of tetragonal structure at elevated temperatures is due to
randomization of oxygen ions O2– and vacancies VO over O3
positions [25–27]. Simple consideration of charge balance suggests
coexistence of Co2+ and Co3+ cations mostly in PrBaCo2O5+δ at
δo0.5. Therefore, the primary reaction of oxygen intake and
oxidation can be represented as
2Co2þ þ VO þ 12O2 ¼ 2Co3þ þ O2 ð1Þ
Only when δ40.5 deeper oxidation of cobalt and appearance of
Со4+ cations may occur
2Co3þ þ VO þ 12O2 ¼ 2Co4þ þ O2 ð2Þ
The transition from extremely reduced to extremely oxidized
state of cobalt cations is given by the sum of reactions (1) and (2)
Co2þ þ VO þ 12O2 ¼ Co4þ þ O2 ð3Þ
Moreover, heating can facilitate charge redistribution over
cobalt cations
2Co3þ ¼ Co2þþ Co4þ ð4Þ
Electron- and hole-type carriers, i.e. Co2þ and Co4þ cations, in
LnBaCo2O5+δ were reported earlier [7,8]. Accordingly, the coex-
istence of charged cobalt species in the cobaltite can be reﬂected




p O5þδ where symbols n, z and p
denote concentration per formula unit of respective cobalt cations.
The vacancy concentration in PrBaCo2O5+δ can be obtained as
Fig. 1. The experimental X-ray powder diffraction pattern of air-synthesized
PrBaCo2O5+δ, δ¼0.77.
Fig. 2. Isothermal plots for oxygen content vs. oxygen partial pressure over
PrBaCo2O5+δ. Solid lines show calculation results according to Eq. (11).
A.Yu. Suntsov et al. / Journal of Solid State Chemistry 206 (2013) 99–103100
[VO]¼1–δ. Then the equilibrium constants for reactions (3) and









The site conservation and charge neutrality requirements can
be respectively expressed as
nþ z þ p¼ 2 ð7Þ
p¼ nþ 2δ–1 ð8Þ
Then, δ dependent concentrations of cobalt species follow from
(6)–(8) as






n¼ p2δþ 1; z¼ 2np ð10Þ
where symbol D is stand for
D¼ 12KD þ 4δ216KDδ24δ þ 16KDδþ 1
The equilibrium pressure of oxygen over PrBaCo2O5+δ can be






with p and n taken from (9) and (10), respectively. Eq. (11) gives a
convenient expression for simulation of the experimental pO2–Т–δ
diagram in Fig. 2 with the using of two independent ﬁtting
parameters KOx and KD. The respective results of the ﬁtting are
shown in Fig. 2 with solid lines. It is seen that the suggested
equilibrium defect model gives a very good description of the
experimental isotherms at 650–750 1C while small divergence of
the theoretical and experimental data can be observed at higher
temperatures and pO2o0.01 atm. The equilibrium constants KOx
and KD obtained from the ﬁtting are shown in Arrhenius coordi-
nates in Fig. 3. The linear shape of the plots enables calculation of
the standard enthalpy ΔH 3j and entropyΔS
3
j values for reactions
(3) and (4) with the help of the known relation
RT lnKj ¼ΔG 3j ¼ΔH 3j T ΔS 3j ð12Þ
The correspondingly calculated results are shown in Table 1.
Moreover, reactions (1) and (2) can be obtained by combining
reactions (3) and (4). Therefore, the thermodynamic functions for
the oxidation reactions of Со2+ and Со3+ cations can be respec-
tively calculated (Table 1). Taking in view the oxidation enthalpy
smaller in reaction (1) than in (2), we come to conclusion that the
oxygen intake and oxidation reaction of the cobaltite PrBaCo2O5+δ
at δE0 takes place, ﬁrst of all, at the expense of Co2+ cations and
their oxidation to Co3+ cations. Only in a more oxidized state
where concentration of Co3+ cations in PrBaCo2O5+δ is large
enough oxidation of Co3+ to Co4+ cations may occur. It should be
noted that the oxidation enthalpy –4574 kJ mol–1 in reaction
(2) almost exactly equals a half of the partial enthalpy of oxygen
h 3O2 obtained recently in the similar cobaltite GdBaCo2O5+δ [19].
At the same time authors [28] arrived to the conclusion that the
Co4+-Co3+ reduction process in GdBaCo2O5+δ is accompanied
with the enthalpy change of 240.6 kJ mol–1. This value seems to
be unusually large in comparison with the data in [19] and our
results for PrBaCo2O5+δ. It also seems to be overestimated in
comparison with the redox enthalpy in the cubic perovskite-like
cobaltite La0.5Sr0.5CoO3–δ where it achieves only about 100 kJ mol–1
[20] and with the similar value in La0.6Sr0.4CoO3–δ [29]. Our
estimation in Table 1 appears to be in a more favorable compar-
ison with the data for La1xSrxCoO3δ because smaller absolute
value for oxidation enthalpy of PrBaCo2O5+δ in reaction (2) can
naturally be explained as due to crystalline structure less dense in
the double perovskite – than in the simple perovskie-like cobal-
tites. For instance, the room temperature volume of the reduced
elementary unit in PrBaCo2O5.5 equals 58.6 Å3 [25] while the
elementary unit volume in La0.6Sr0.4CoO3–δ is 56.4 Å3 [29]. The
difference reﬂects shorter and stronger bonds Со–О and, therefore,
oxidation enthalpy larger in La0.6Sr0.4CoO3–δ than in LnBaCo2O5+δ.
The charge disproportionation enthalpy 35 kJ mol–1 in our
defect model for PrBaCo2O5+δ is close to the respective value
37 kJ mol–1 in LaCoO3–δ [30]. It must be noted also that the
obtained ΔH 3D is approximately equal, as expected, to the energy
gap between t2g and eg levels in the rare-earth double perovskite
cobaltites [31]. The using of the negative enthalpy ΔH 3D¼
24.4 kJ mol–1 obtained from the defect model in [28] would
lead to a strong decrease in the amount of Co3+ cations with
temperature so that their concentration would become negligently
small at near room temperatures. Such a conclusion occurs in a
strong controversy with the available literature data [1–4].
3.2. Changes in concentration of cobalt cations
The equilibrium constants and Eqs.(7), (9), and (10) enable one





p O5þδ with δ, Т and pO2 (Fig. 4). It is seen that
changes in the charge state of Co3+ cations are most pronounced at
(5+δ)¼5.5. The temperature increase is accompanied with the
appreciable increase in concentration of Co2+ and Co4+ cations,
and in simultaneous decline in concentration of Co3+ cations. The
isothermal changes in concentration of Co2+ cations vary as nE1–
2δ at δ-0 whereas the concentration of holes, i.e. Co4+ cations,
depends on the non-stoichiometry parameter as рE2δ1 at δ-1.
The concentration of Co3+ cations approaches unity in both
extremes δ-0 and δ-1 (Fig. 4). The opposite trend can be
observed at temperature decrease. Calculations with the help of
(9) and (10) show that the concentration of Co2+ and Co4+ cations
in PrBaCo2O5.5 achieves only about 0.05 per formula unit at
temperatures near 500 1C, i.e., at the low-temperature stabilityFig. 3. Logarithmic dependencies of equilibrium constants from inverse temperature.
Table 1
Thermodynamic parameters for equilibrium reactions in PrBaCo2O5+δ.
Reaction ΔH1 (kJ mol1) ΔS1 (J mol1 K1)
2Co3þ ¼ Co2þþ Co4þ 3574 1272
Co2þþVO þ 12O2 ¼ Co4þþO2 8075 5573
2Co2þþVO þ 12O2 ¼ 2Co3þþO2 11579 4372
2Co3þþVO þ 12O2 ¼ 2Co4þþO2 4574 6775
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border of the tetragonal structure. Further decrease of the tem-
perature results in even stronger suppression of reaction (4), and
concentration of Co2+ and Co4+ cations becomes so small that they
can hardly be detected by, e.g., spectral methods. However, our
conclusion is clearly supported by large thermopower at near
room temperatures [8], which is clearly indicative of a very small
concentration of charge carriers.
The pressure dependent changes in concentration of cobalt
cations and oxygen vacancies at 650 1С are shown in logarithmic
coordinates in Fig. 5. It is seen clearly that electron–hole equilibrium
at this temperature is attained at pO2E0.1 atm, i.e. at pressure and
temperature values that provide the fulﬁllment of the condition
δ¼0.5. At the same time, the sign of thermopower in PrBaCo2O5+δ
remains always positive thus demonstrating p-type dominant
charge carriers in the studied intervals of Т and pO2 even when
δo0.5 [21]. The hole-type conductivity at elevated temperatures
was observed also in other double perovskite cobaltites LnBaCo2O5+δ
[26,32,33]. Thus, even in conditions where n-type carriers are more
numerous than p-type ones they provide smaller contribution to
conductivity in PrBaCo2O5+δ. Therefore, mobility of electrons must
be considerably smaller than of holes. This difference may originate
from larger bond length Со2+–О2 (2.01 Å) compared to Со4+–О2
(1.93 Å) [34]. Moreover, it is easier for holes to jump over ﬁlled Со3+
(t42ge
2
g) and empty Со
4+ (t52ge
0







The isothermal changes in the concentration of holes with
oxygen pressure are shown in Fig. 6. The temperature increase at
pO2¼const is accompanied with the decrease in the concentration
of holes and, respectively, conductivity (Fig. 7). This behavior
reﬂects rather strong changes in concentration of holes with
oxygen non-stoichiometry (Fig. 4).
Considering reaction (4) we can suppose that it is favored when
Co3+ cations occupy neighboring sites in the crystalline lattice. It
occurs most often at largest concentration of Co3+ cations in
PrBaCo2O5+δ, i.e. at δ near 0.5. The deviation from this composition
results in the decrease of Co3+ concentration and, consequently,
probability to ﬁnd neighboring Co3+ cations. Hence, the intensity
of charge disproportionation (4) is expected to decrease at δ-1
and δ-0 compared to δ¼0.5. This effect is completely disregarded
in our treatment of the defect equilibrium in PrBaCo2O5+δ. There-
fore, the errors in calculated concentrations of cobalt species are
expected to increase at δ-0. In turn, the increased errors may
help to explain the observed deviations of the calculated (5+δ)
values compared to the measured ones in the low pressure limit in
Fig. 2.
4. Conclusions
The analysis of oxygen non-stoichiometry changes with tem-
perature and partial pressure of oxygen is used in order to show
that oxygen exchange and charge disproportionation reactions
take place in defect equilibrium in PrBaCo2O5+δ. The respective
Fig. 5. Oxygen pressure dependent variations in concentration of cobalt species
and oxygen vacancies in PrBaCo2O5+δ at 650 1С.
Fig. 6. Calculated changes in concentration of Со4+ cations with oxygen pressure at
different temperatures.Fig. 4. Variations in concentration of cobalt species with oxygen content in
PrBaCo2O5+δ at 650 1С (dashed line), 800 1С (solid line), and 950 1С (dash-dotted
line).
Fig. 7. The plots log s vs. log pO2 at different temperatures.
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equilibrium constants, enthalpies and entropies for the reactions
entering the model are derived from the ﬁtting of the experi-
mental data for oxygen non-stoichiometry. The variations in
concentration of cobalt species with temperature, oxygen pressure
and oxygen content in PrBaCo2O5+δ are calculated with the help of
the obtained equilibrium constants. It is argued that charge
disproportionation of Co3+ cations is most developed at δ¼0.5.
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